Introduction
Sunlight has a component of short-wave ultraviolet (UV) light, which induces intrastrand DNA crosslinks between adjacent pyrimidines, giving rise to cyclobutane pyrimidine dimers (CPD) and (6-4) photoproducts (6-4PP). A general and flexible pathway called Nucleotide Excision Repair (NER) performs the removal of these DNA lesions. NER is a sophisticated DNA repair mechanism that consists of removal of a DNA fragment containing the lesion through double incision of the damaged strand. The lesions show different timing of removal rate, as there are two NER subpathways. Lesions on the transcribed strand of active genes may block RNA polymerase II and are rapidly removed by the transcription-coupled repair (TCR-NER). Lesions on other genome regions are removed more slowly by the global genome NER (GGR-NER; Costa et al., 2003) .
The importance of this process is attested by the existence of life-threatening hereditary diseases due to the absence of efficient NER. These diseases are characterized by an outstanding skin and eye photosensitivity manifested at different levels. Xeroderma pigmentosum (XP) patients present a hyperphotosensitivity with a high incidence of skin cancer on sunlight-exposed areas of the body. Some XP patients display a combination of the cutaneous abnormalities with the severe neurological and developmental anomalies typical of Cockayne's syndrome (CS), such as neurodysmyelination, pigmented retinopathy, dwarfism and immature sexual development (Lehmann, 2003) . Trichothiodystrophy (TTD) syndrome includes patients that have brittle hair and may present physical and mental retardation (Itin et al., 2001 ). Approximately 50% of TTD patients are sunsensitive and manifest ichtyosis at birth, but, as observed for CS patients, none of them are cancer prone, in contrast to XP or XP/CS patients. These sunsensitive TTD patients are also NER defective and their clinical manifestations may be linked to defects on transcription (Stary and Sarasin, 1996) .
The genes implicated in these diseases were extensively studied and their product functions are well known. However, the different biological consequences of their NER deficiency are not completely understood, mainly for the predisposition to tumour development. The relation between lack of DNA repair and predisposition to tumours, manifested in XP patients, cannot be applied to CS and TTD patients, whereas these patients do not develop tumours, despite their deficiency in NER. The XPB product is one of the major proteins involved in early steps of NER. This DNA helicase is a subunit of the transcription factor TFIIH complex, which is required for transcription initiation by RNA polymerase II (Schaeffer et al., 1993 (Schaeffer et al., , 1994 . The mutations found in the XPB gene are very rare and only five patients have been characterized in the world and correspond to three XP/CS patients and two TTD siblings (Weeda et al., 1990; Vermeulen et al., 1994a, b) . To better understand this paradox, we have determined the transcriptional profile for two different cell lines with identical genetic background, which differ by the expression of an XPB allele conferring an XP/CS or TTD cell phenotype. These cells were engineered using cells from XP/CS patient (XPCS2BA), so that they have identical genetic background but express different mutated alleles of the XPB gene, resulting in different capabilities of DNA lesion removal (Riou et al., 1999) . These two clones represent the ideal situation to analyse the effect of a given mutation on the XPB gene, since the biological variation is reduced due to the same genetic background. This last characteristic prompted us to investigate their gene expression responses.
The present work reports the different transcriptional profiles of unirradiated and UVC-irradiated XP/CS and TTD cells. The transcriptome of both cell lines was assessed through the use of oligonucleotide arrays (Affymetrix). The first part of the study demonstrated that the TTD allele expression results in interesting different transcription pattern under normal growth conditions. The UVC-transcript modulation was organized in clusters according to the level of mRNA expression, 4 and 8 h after irradiation. In these experiments, we observed a significant change in the amount of 869 transcripts. The majority of these transcripts had a similar modulation pattern in both cells; however, each clone exhibited its own timing for their up-or downregulation. Moreover, each cell line has also shown to modulate differently specific transcripts after irradiation, indicating that the DNA repair status of the cell may provide their own 'UVC-signature'.
Results

Experimental design
Two isogenic cellular clones were constructed to differentially express the XPB/CS (T-C transition at position 296, XP/CS cells) and XPB/TTD (A-C transversion at position 355, TTD cells) mutated alleles. This minor genetic change has produced dramatic modifications in the biological characteristics of each clone, hopefully related to the respective human diseases. Table 1 summarizes the biological differences between these two clones in comparison to normal, parental XP/CS and TTD-XPB cells.
Cells from these clones were exposed to 3 J/m 2 of UVC, a dose that has distinguished biological impact in both clones, such as different cell survival rates. While the clone XP/CS, resembling its parental cell line, is very sensitive and has only 5% of cloning efficiency, the clone TTD is more resistant, and its survival rate is 70% (Riou et al., 1999) . The equitoxic UVC dose for XP/CS (0.2 J/ m 2 ), that is, the UV dose that results in the same cell cloning efficiency as TTD under the described conditions, was applied only for the XP/CS fibroblasts. The UVC regulated gene patterns were analysed 4 and 8 h after irradiation. The transcriptomes of both clones were Figure S1 ).
The expression patterns of 12 600 human cDNA sequences were determined by 16 hybridizations, representing eight different conditions. For each condition, two independent experiments were used and each one was subjected to independent RNA isolation, labelling and gene chip hybridization. Gene chips were scanned and quantified using algorithms from Affymetrix Micro Array Suite 5.0 software. The consistency of such experiments and the modulation of mRNA expression after UVC irradiation in these cells are illustrated by two scatter-plots presented in the supplementary material, Figure S2 . During the comparative analysis, each transcript on the experiment array was related to its counterpart on the baseline array and the change significance and its magnitude were generated. Both values were used for comparing the different transcription profile of XP/CS and TTD before and after UVC exposure. However, to minimize the number of false positives (Claverie, 1999) , probe sets with no statistical change between the two conditions (no change call) in one of the duplicates, and those with opposite change calls (increased and decreased) in the duplicates were eliminated. The remaining probe sets were considered differentially expressed only when rated different (increase or decrease) in two independent hybridizations and their signal log ratios were used as a quantitative estimate of the gene expression change.
Transcription profile of unirradiated XP/CS and TTD clones
The gene expression profile of XP/CS and TTD clones already presented striking differences without UVC irradiation. Cells grown to 80% confluency were washed with PBS and had their total RNA extracted and hybridized in cDNA arrays. For this comparison, the list of genes differentially expressed in XP/CS and TTD clones was compiled when their signal log ratio was greater or equal to 1.0. The results indicate differences in the expression of 70 (0.5% of the transcripts represented at the array) cDNA sequences, of which around 60% (41 cDNAs) were more abundant in cells with TTD phenotype. These transcripts were classified according to their biological function using the classification proposed by of Genecard database (http://bioinfo.weizmann.ac.il/cards) ( Table 2) . Some genes are indicated to have several functions, but we have chosen only the one for which each gene is best known. A list of nine main functional groups was established and among them, 33 secondary functional groups.
As Table 2 shows, XP/CS cells, a cancer-prone background, presented a high number of overexpressed genes involved in the regulation of cell proliferation. Some of these transcripts have been attributed important roles in oncogenesis, such as the transcription factor c-fos, an important regulator of cell proliferation, differentiation and transformation. The higher expression of a positive and a negative regulator of cell proliferation, IGFBP2 and IGFBP6, respectively, raises the question of a balance between induction versus repression of proliferation inside the same cell. Another regulator of cell proliferation found in XP/CS cells is the transcription factor E2F5, which does not seem to be essential for cell cycle progression, but is necessary for pocket protein-mediated G1 arrest of cycling cells (Gaubatz et al., 2000) .
On the other hand, TTD cells, not a cancer-prone background, presented a high number of transcripts with function in the cell metabolism, like the VLDL receptor, involved in lipid metabolism and the carboxypeptidase A3, important in protein catabolism. Also, a gene related to the protection of the cell against oxidative injury was more abundant in these cells. This is the heme oxygenase 1 gene (HO-1), which catalyses the degradation of heme to carbon monoxide, iron and biliverdin. In addition, HO-1 exerts important effects on cell proliferation and apoptosis, features that may reflect a role in maintaining tissue homeostasis (Durante, 2003) .
To confirm the microarray results, semiquantitative RT-PCR reactions were performed. Some examples are shown in Figure 1a , which presents transglutaminase 2, HO-1 and c-fos genes. As expected, the transglutaminase 2 and c-fos genes were found to be more abundant in XP/CS, while the HO-1 was more abundant in TTD cells. The amount of mRNA expression for the transglutaminase 2 and HO-1 genes was also investigated in the parental cell lineages: the original SV40-transformed fibroblasts from XP/CS (XPCS2BA) and the TTD-XPB (TTD6VI) patients. A DNA repair proficient cell line was also included in these experiments. This cell line has the same genetic background as the XP/CS and TTD cell lines, except that it expresses the wild-type XPB cDNA into the XP/CS (XPCS2BA) cells (Riou, unpublished results) . As shown in Figure 1b , the expression pattern observed for the parental cell lines was similar to that found for the respective clones, although for the control cells the transglutaminase 2 cDNA was as abundant as for XP/CS cells, while for HO-1, the expression was similar to TTD cells. The transglutaminase 2 plays a key role in stabilizing the extracellular matrix, wound healing, fibrinogenesis and cell death (Haroon et al., 1999) . The expression pattern observed for the transglutaminase 2 gene was also investigated for other XP and TTD patients. For this purpose, we have isolated total RNA from human primary skin fibroblasts of normal (198VI), XPD (XP22VI), TTD (TTD1VI), XP/CS (XPDCS2) patients. All of these patients have the XPD gene altered. The XPD protein is the DNA-dependent ATPase and helicase from TFIIH that exhibits complementary (Costa et al., 2003) . As it can be observed in Figure 1c , TTD cells have much lower amount of the transglutaminase 2 transcript than the other cells. This finding demonstrates that alterations in one of the two DNA helicases from TFIIH factor results in similar expression pattern for this gene, and this may be true for other TTD patients.
Hierarchical clustering and common UVC-regulated genes
The UVC exposure in TTD and XP/CS cells resulted in the transcript modulation of 2152 cDNA sequences. The TTD cells showed 505 upregulated genes and 1009 downregulated genes, while XP/CS showed a higher number of upregulated (601) and downregulated (1014) sequences. The names and details of all UVC-regulated sequences are given in the supplementary data in the online version of this article (supplementary Table S1 ). In this work, only transcripts with signal log ratio values higher or equal to 1.0 and lower or equal to -1.0 (corresponding to at least twofold change in their abundance) in cells 4 or 8 h after UVC exposure were selected and further analysed. First, they were organized according to the similarity in their expression profiles across the microarray experiments. The results of hierarchical clustering are presented in Figure 2 and revealed the changing of abundance of 869 transcripts (6.9% of the whole transcriptome represented in the array) and these sequences will be discussed in the present study. In both cell lines, the majority of these alterations corresponded to the downregulation of transcripts. Altogether, 691 transcripts had their levels reduced after UVC exposure. The total number of Figure 2 Genomic response to UVC radiation -hierarchical clustering. The expression pattern of 869 genes, whose levels of abundance were altered similar, higher or lower than 1.0 (À1.0) signal log ratio in at least one time point, were clustered using the EPCLUST tool (http://ep.ebi.ac.uk/EP/). The columns correspond to the cell lines and the rows to each transcript. The incubation time is indicated. The alteration levels are represented in color and red means upregulation, while green, downregulation upregulated transcripts after the treatment was only 181 (Figure 3 ). The kinetics of these alterations varied from transient, when transcripts returned to near preirradiation levels, to sustained, with transcript levels changed during the whole period of 8 hours.
The hierarchical grouping showed that both clones shared a reasonable amount of transcripts whose expression levels are controlled by UVC ( Figure 2) ; however, not all of them had the same time of regulation. TTD cells showed higher number of early (4 h) modifications, as well as transient increase of transcript levels. In the other hand, XP/CS cells showed higher number of sustained transcript upregulation (4 and 8 h). Moreover, each clone had its own 'UVC signature', that is, transcripts that are specifically UV regulated under the DNA repair status of the cell. Among the UVC-regulated transcripts, 350 still do not have specified functions, although they may have roles linked to cells' responses to UVC irradiation. The reference numbers for these transcripts are listed in the supplementary material, Table S2 .
UVC induced common responses to cells of both clones, although they exhibit different repair capabilities. From the total upregulated genes, 82 (45.3%) were common to both clones ( Figure 3) ; however, the XPB protein status influenced the kinetic of the expression modulation of several transcripts ( Figure 2 ). The common upregulated cDNAs and their respective function and array results are listed in Table 3 .
Among these UVC upregulated genes there are several transcripts implicated in cell metabolism, such as structural, mitochondrial, detoxifiers and transporters. This group also includes transcripts required for the metabolism of DNA, RNA, protein, lipid and carbohydrate. Five genes implicated in DNA metabolism were found. For example, the XPG gene product is an essential structure-specific 3 0 endonuclease for the incision step during NER (Costa et al., 2003) . XPG protein may be required for improving the metabolic rates of NER, the pathway responsible for the removal of the UVC lesions. This protein is also involved in the repair of oxidative lesions probably in conjunction with the CSB protein (Gallego and Sarasin, 2003) . Curiously, this XPG transcript modulation has not been reported before. Also, PCNA and the 36 kDa subunit of RFC proteins were upregulated in these cells. PCNA is involved in many aspects of DNA replication and processing, forming a sliding platform that can mediate the interaction of proteins with DNA and it is involved in excision and mismatch repair (Warbrick, 2000) . RFC is a clamp loader protein that facilitates the addition and removal of PCNA from DNA during replication and repair (Mossi and Hubscher, 1998) .
The positive modulation of genes implicated in proteolysis (cdc34 and cathepsin V) was surprising, because studies performed in normal human fibroblasts after UVC exposure did not show any regulation for this category of transcripts (Gentile et al., 2003) . The cdc34 gene product is a member of the ubiquitin-conjugating enzyme family. This protein is part of a large multiprotein complex required for ubiquitin-mediated degradation of cell cycle G1 regulators, and for the initiation of DNA replication. The cathepsin V belongs to the papain-like lysosomal cysteine protease family. Recently, it has been shown that lysosomal cathepsin proteases can initiate or propagate proapoptotic signals; however, it is unclear how cathepsins achieve these actions (Houseweart et al., 2003) .
The cellular recovery following UVC exposure may involve a complex and similar transcriptional response in both cell lines, since the upregulation of several transcription factors like ATF3 and NFIL6-b was observed. NFIL6-b is important in the regulation of genes involved in immune and inflammatory responses. Another common observed inflammatory response is related to the TNF response, whereas one of these receptors (receptor 4-1BB) was upregulated after UV irradiation. Tumour necrosis factor is a cytokine that mediates tumour necrosis and initiates several signalling pathways according to the cell type, like apoptosis induction, promotion of cell survival and regulation of the immune system (Younes and Aggarwall, 2003) . Fibroblasts take part in the inflammatory response of skin after UV exposure and the upregulated signalling found in this study demonstrates that in spite of their different repair capabilities, both cells have similar responses, considering these immune-related functions.
Another common target after UVC exposure is related to the regulation of cell proliferation. Several genes implicated in the signalling cascade of cell cycle control had their transcript levels increased, like cyclin E2, Tob 1 and cdc6. The protein encoded by cyclin E2 is modulated through the cell cycle, with expression peak at the G1/S phase. This cyclin functions as a regulatory subunit of CDK2 and plays a role in cell cycle G1/S transition (Gudas et al., 1999) . Tob 1 is an antiproliferative protein and it is known for inhibiting bone morphogenetic protein (BMP) signaling (Yoshida et al., 2003) . These two genes were found to be upregulated in normal human fibroblasts exposed to low dose of UVC (Gentile et al., 2003) . These two factors may have important roles in proliferation arrest after UVCinduced DNA damage, ensuring enough time for the repair machinery acting in the removal of the lesions. On the other hand, cdc6 is an essential protein for the initiation of DNA replication, acting in the early steps of DNA replication. The requirement of proteins implicated in proliferation arrest and replication initiation at the same time suggests that there may be a balance of proliferative and arrested stages inside the cell population. From the total downregulated transcripts, 508 (73.5%) had their transcript levels reduced in both cell lines. However, as observed for the upregulated transcripts, the XPB status affected the time of this regulation. In its majority, both cell lines had a sustained downregulation of transcripts. As microarray assays only measure the changes in transcript levels, it is not possible to determine if this mRNA reduction is due to decrease in the synthesis or degradation of these molecules, caused by RNA turnover control. The cDNAs and their respective function and array results are listed in the supplementary material (Table S3) . Among them, transcripts of different categories were included, such as those coding for structural proteins, like the nuclear lamin B1, and signal transduction factors, as the growth factor VEGF. Lamin B1 and VEGF were also found to be downregulated in normal human fibroblasts exposed to high dose of UVC (Gentile et al., 2003) . Several structural proteins appear to be downregulated after UVC damage, and this also includes components of the extracellular matrix, as for example, cadherin ME5 and tetraspanin 5, which are important for cell adhesion.
The negative regulation of several components of RNA transcription, such as mRNA capping enzyme, TBP and the transcription factors, CACCC box binding and c-myc, indicates that some particular transcription pathways are affected by the photolesions induced in DNA. TBP is a component of the transcription factor TFIID required in the initiation of RNA polymerase II transcription. TFIID binds to the core promoter and positions the polymerase properly (Chen and Hampsey, 2002) . pRB, the retinoblastoma tumour suppressor protein was also affected by UVC exposure. The protein encoded by this gene has important roles in the regulation of the G1/S transition. Its function is modulated by a phosphorylation/dephosphorylation mechanism during cell proliferation and differentiation. pRB also regulates the apoptotic function of p53 but not its transcriptional activity (Yamasaki, 2003) .
The UVC irradiation also affected the expression of genes involved in different DNA metabolism pathways in both cells. Genes whose products are implicated in the repair of double-stranded breaks, like Bloom syndrome protein and XRCC4 had their levels reduced after the UVC irradiation. However, they presented different time modulation. While XRCC4 expression was affected at 4 and 8 h in TTD cells, its modulation was observed only later in XP/CS cells (8 h). This time regulation was confirmed by RT-PCR assays (Figure 4a ). For cells complemented by wild-type XPB gene, the transcription control appeared to be similar to that observed in TTD (Figure 4b ). The other repair pathway affected is the mismatch repair. Two of its components (hMSH2 and hMutL homolog) were found permanently downregulated in XP/CS and only at 4 h in TTD cells.
UVC modulation of the TTD cell transcriptome
Although the majority of the UVC transcript modulation was similar in XP/CS and TTD cells, several transcripts had different behaviour after the induction of photoproducts in DNA. The study of this specific cell behaviour is important because it can help to understand how different DNA repair abilities influence cell metabolism and ultimately cancer proneness. The TTD mutation affected specifically the expression level of 154 genes, corresponding to 67 upregulated and 87 downregulated transcripts (Figure 3 ). Of the 67 upregulated transcripts, 61 were specifically upregulated in TTD cells in a fast fashion, 4 h after the UV treatment (Table 4) . In this group, transcripts with functions in different pathways are identified, some of which critical for the DNA metabolism like DNA repair and chromatin remodelling. Two DNA repair genes were found: hHR23B and ERCC2. They are known components of NER (Costa et al., 2003) , and they may be required for improving the metabolic rates of this pathway, responsible for the removal of the UVC lesions. However curiously, this requirement is specific for TTD cells, which are more efficient for repairing the induced photolesions. We have confirmed, by RT-PCR, the upregulation of ERCC2 in TTD cells 4 h after the UV, while no transcriptional alteration was observed in XP/CS cells (Figure 4a ). Some discrepancy between the RT-PCR and the microarray assays was observed 8 h after the exposure. According to the RT-PCR analysis, at this time, the transcript levels are downregulated in TTD. As it can be observed in Figure 4b , ERCC2 did not present any transcriptional change in DNA repair proficient cells.
Proteolysis and protein trafficking (syntaxin 16, sortilin, ubiquitin-like 4, ubiquitin-activating enzyme E1) were also positively regulated in TTD cells, suggesting an accelerated and different protein metabolism regulation in these cells.
TTD cells showed a specific regulation for RNA transcription. First because specific transcription factors were upregulated, like HOX4c and one of the components of ISGF-3 (STAT-1). ISGF-3 is responsive to the NF-k B cascade, and controls the expression of genes implicated in the regulation of cell proliferation (Levy and Darnell, 2002) . And second because rDNA transcription appears to have a special control in these cells, since the transcript release factor of RNA pol I (TTF1) was found exclusively upregulated.
The signalling cascade for controlling cell proliferation in TTD cells seems to be rapidly involved. The finding of upregulation of two proapoptotic genes, BAK1 and BAD, is intriguing, because these cells show higher cell survival than XP/CS cells after the UVC treatment. This characteristic raises the question whether the apoptosis events induced in both cell lines have different time or pathway controls. The upregulation of both transcripts in TTD cells was confirmed by RT-PCR (Figure 4a) , and their transcriptional profile was studied in XP/CS cells transfected with wild-type XPB gene (Figure 4b ). Curiously, BAD did not show any transcription change after UVC treatment, while BAK1 showed upregulation 4 h followed by its downregulation 8 h after the exposure.
The complexity of UVC transcription modulation in TTD cells is exemplified by the finding of upregulation of genes with opposite roles in the control of cell proliferation like p15-INK4b and the tumor necrosis factor 13. P15-INK4b is a cyclin-dependent kinase inhibitor, induced by TGF b and has been implicated in proliferation inhibition. Tumour necrosis factor ligand 13 is responsive to the TNF and promotes cell proliferation. Again, the simultaneous upregulation of a positive and a negative cell proliferation controller is observed, suggesting that there may be a balance of proliferative and arrested stages inside the cell population. TTD cells appear to be specifically responsive to oestrogen, because the oestrogen-responsive element (ERE), a zinc-finger protein, had its transcript levels upregulated 4 h after UV exposure in these cells. The ERE is a RING-finger-dependent ubiquitin ligase (E3) that targets proteolysis of 14-3-3-sigma, a negative cell cycle regulator that causes G2 arrest (Urano et al., 2002) . A total of 87 transcripts had a specific downregulation in TTD cells. Among them, 65 had a fast (4 h) negative regulation, and genes implicated in cell metabolism are the most represented in this group. We found mainly transcripts implicated in RNA and protein metabolism, like the hyaluronan synthase 2 (Has 2) that is implicated in the synthesis of hyaluronic acid (HA), a constituent of the extracellular matrix. HA is actively produced during wound healing and tissue repair to provide a framework for ingrowth of blood vessels and fibroblasts. Experimental studies in animal models have documented a crucial role for hyaluronan in tumour growth and metastasis because it promotes anchorage-independent growth and invasiveness, hallmarks of the malignant phenotype (Toole, 2002) . The negative regulation of this transcript was also observed in XP/CS cells transfected with wild-type XPB gene; however, this regulation seems to be longer in these cells, since after 8 h, the transcript levels were still lower than the control condition (Figure 4b ).
The complexity of transcript downregulation in TTD cells is demonstrated by the finding of a large number of transcripts implicated in different signalling pathways. Some of them, like cyclin D1, are better studied while others are still not well known and their role in cell remains to be determined. Cyclin D1 has an important role in the progression of cell cycle. It associates with cyclin-dependent kinases (CDK) CDK4 and CDK6 to phosphorylate the pRB protein during the G1 phase (Ehrhart et al., 2003) .
UVC transcript modulation in XP/CS cells
XP/CS mutation resulted in fewer (18) and late (8 h) specific upregulated genes, which are presented in Table 5 . XP/CS cells showed specific response to interferon factors, since genes like gamma-interferoninducible lysosomal thiol reductase (IP30) and interferon regulatory factor (IRF-1) were upregulated in these cells. The IP30 protein is implicated in protein proteolysis and IRF-1 is a transcription factor that activates genes involved in the immune response. The chromosome organization had special requirement of the telomeric repeat binding protein 2, which bounds to telomere extremities in order to avoid their fusion. However, intriguingly, the telomeric repeat binding protein 1 was downregulated in these cells. Two transcripts implicated in cell cycle control and apoptosis had their transcripts levels increased in XP/CS cells. P53 is a transcription factor that plays an essential role in the regulation of cell cycle, specifically in the transition from G0 to G1. Its activation and accumulation is triggered by a variety of stress signals, which relies on an autoregulatory loop. In fact, it is well known that after the stress signalling, the p53 protein becomes more stable and accumulates (Ehrhart et al., 2003) . The UVC-p53 modulation found in XP/CS is the first observation of transcriptional regulation of this protein after a stress situation in DNA repair-deficient cells. The other transcript is the caspase 3. Caspases are cysteine proteases responsible for the degradation of the cell in the final steps of apoptosis and caspase-3 is the apoptotic protein that cleaves key regulatory or structural proteins and activates apoptotic nucleases during the execution phase of apoptosis (Vaughan et al., 2002) . This, together with the finding of downregulation of some transcripts whose products have antiapoptosis role, like NF-k B factor and its activator (MALT1), is in agreement with a fast apoptotic response in XP/CS cells after UVC irradiation. The only transcript that was upregulated in XP/CS and had different modulation in TTD cells was the 28S ribosomal RNA gene, having small levels of downregulation (signal log ratio of À0.3). On the other hand, the heat-shock protein 70 kDa was downregulated in XP/CS cells and slightly upregulated in TTD cells (signal log ratio of 0.6). The meaning of these different responses remains unclear.
Transcript profile of XP/CS cells modulated by low UVC dose
XP/CS cells are very sensitive to UVC irradiation and this led us to test how these cells respond to an equitoxic dose, when compared with TTD cells. Thus, these cells were exposed to 0.2 J/m 2 of UVC, and the total RNA was analysed as described before. The results of hierarchical clustering are presented in Table 6 and revealed the changing of abundance of only 29 transcripts. Curiously, at this condition, the majority of these transcripts showed upregulation, differing (Gentile et al., 2003) . Id proteins are dominant negative inhibitors of basic helix-loop-helix transcription factors and may serve as important effectors for BMPs (Alani et al., 2001) . Id1 has been implicated in regulating cellular lifespan through downregulation of p16ink4a (Ohtani et al., 2001) . Interestingly, the protein scaffold attachment, a major constituent of the nuclear matrix, showed upregulation in this low-dose condition in XP/CS cells and at 3 J/m 2 in TTD cells. Among the specific genes for this low-dose condition, some of them are implicated in proteolysis (cathepsin Z) and some transcription factors were found (POU transcription factor and retinoblastoma protein-interacting). Histone 1, a fundamental chromatin protein, and ribosomal RNA are also upregulated in this experimental condition. It is important to mention the upregulation of FAS antigen. This gene encodes a member of the TNF-receptor superfamily that plays a central role in the physiological regulation of apoptosis.
Discussion
The genome transcript UVB regulation was previously investigated in normal human keratinocytes for different times after irradiation (Li et al., 2001; Sesto et al., 2001) . Recently, the UVC transcript modulation in normal human fibroblasts was also documented (Gentile et al., 2003) . In this work, we extend those studies using two different cell lines that contain identical genetic background, but differ in the expression of the XPB alleles. The clone XP/CS expresses only the XPB allele with the XP/CS mutation (XPB-T296C), whereas the clone TTD expresses only the XPB allele with the TTD mutation (XPB-A355C) (Riou et al., 1999) . Although these cells have the two different alleles in their genomes, phenotypically they resemble their XP/CS and TTD parental lines in terms of UVC survival and DNA repair capabilities. This model system was employed to investigate the cellular mechanisms that may result in different clinical manifestations of XP/CS and TTD patients, emphasizing differences in tumour formation.
Our first analysis showed that the XP/CS or TTD protein status interferes with metabolism in undamaged cells. The transcription pattern of 70 genes differed in both cell lines. Interestingly, phenotypically XP/CS cells presented higher levels of transcripts implicated in cell proliferation, while cells that resemble the TTD phenotype had higher levels of transcripts with functions related to the maintenance of normal cell metabolism. The different expression level of two genes has called our attention. The HO-1 gene, with higher expression in TTD cells, is a recognized indicator of cellular redox state of the cell (Keyse et al., 1990) and was found upregulated in normal cells after H 2 O 2 treatment (Kyng et al., 2003) . Its higher expression in TTD cells may indicate a cellular stress condition during proliferation, a fact that remains to be tested. The second gene is the transglutaminase 2. The protein encoded by this gene belongs to the family of enzymes that catalyse the crosslinking of proteins and are important in the stabilization of the extracellular matrix by reducing its proteolytic degradation (Gross et al., 2003) . The degradation of the extracellular matrix leads to dermal scarring and subsequent aging in the wound healing process. Another member of this family, the transglutaminase 1, is defective in patients from the rare lamellar ichthyosis syndrome, and it has been implicated in their epidermal clinical manifestations (Ena and Pinna, 2003) . The fact that TTD patients also develops ichthyosis, together with our findings that fibroblasts isolated from a different TTD patient, containing mutations in the XPD gene, had also lower levels of transglutaminase 2 expression suggests that the dermal clinical manifestations of TTD may result from the failure function of transglutaminase proteins in maintaining extracellular matrix stability. This gene expression difference might be a result from other functions of XPB protein not related to the UV lesion repair. The TFIIH complex is essential for RNA polymerase II transcription (Costa et al., 2003) and it has been suggested that the clinical manifestations of TTD patients result from transcriptional defects (Bootsma and Hoeijmakers, 1993) . This characteristic of TTD cells could be responsible for the difference of transcript expression compared to the XP/CS cells. On the other hand, we cannot exclude the possibility that the ability of the two cell lines for repairing endogenous DNA lesions induced during the normal cell metabolism is different, and this could also induce different transcript expressions. The distinguished transcriptional profile observed at the cell culture level also suggests that the clinical manifestations of XP/CS and TTD patients may result from metabolic differences under normal conditions. Indeed, these two classes of patients exhibit skeletal and neurological abnormalities even in the absence of UVC exposure (Lehmann, 2003) .
The transcription modulation induced by UVC irradiation in XP/CS and TTD cells was also investigated. The patterns observed for both cell lines are unlikely to be due to effects on cell cycle progression, as FACS analyses indicate that no cycle arrest is observed up to 9 h after the UVC exposure. However, the repair capacity differs significantly for these cell lines: XP/CS cells have low levels of 6-4PP repair, while TTD are similar to repair proficient cells, and both cell lines have different levels of low CPD removal (Table 1, Riou et al., 1999) . Therefore, this different repair rate appears to influence the kinetics of transcription modulation, since TTD cells had earlier (4 h) responses in transcript regulation, suggesting that their higher efficient repair capability enabled them to recover faster from transcriptional repression, specially by this fast removal of 6-4PP (Riou et al., 1999) . The impact of this feature in the clinical manifestations of TTD and XP/CS patients remains to be better understood. In spite of their different repair status, several transcripts presented the same modulation in both cells, especially downregulation, similar to previous observations of Gentile et al. (2003) in human primary normal fibroblasts. UV lesions are known for blocking RNA pol II transcription, but the transcription downregulation event detected by the arrays may not be only as a consequence of this general shutdown of cellular transcription. Instead, it seems to be a coordinated and specific process, since we did not observe a random downregulation and only about 7% of the total transcripts represented in the arrays had their levels affected by the threshold of 1.0 signal log ratio.
The few changes observed in XP/CS cells exposed to low UVC dose suggests that in the first hours following irradiation, the transcription cellular modulation is dependent on the amount of induced lesions and not on the DNA repair capacity of these cells. The majority of the transcripts detected in XP/CS cells for lower and higher UVC dose had few overlaps, indicating that the responses are highly specific to the level of the stress.
The common upregulation found in XP/CS and TTD cells are related to transcripts with role in the maintenance of cellular metabolism. The finding of positive modulation of genes implicated in proteolysis suggests that the degradation and turn over of proteins followed by UVC damage is urgent in these cells. This finding is intriguing, because UVC, at the low doses employed, is known to cause very little damage to proteins. The induction of DNA repair-related genes was also observed in both cell lines. However, TTD cells, which are more efficient for NER, appeared to require the induction of more NER genes than XP/CS. This is intriguing and may occur because the XP/CS cells have already a reduced NER pathway, preventing the upregulation of other genes in this pathway.
This study also brought into light the requirement of specific transcript modulation for each cell line. XP/CS and TTD cells presented their own 'UVC signature', which can help to understand how different DNA repair abilities influence cell metabolism and ultimately cancer proneness. For example, both cell populations presented the upregulation of proteins implicated in apoptosis; however, these were distinct to each cell line. XP/CS cells had p53 and caspase-3 levels upregulated, while BAK 1 and BAD had their levels upregulated in TTD cells. The biological consequences of this difference remain to be studied. Also, the positive regulation of genes whose products are implicated in proteolysis and protein trafficking was stronger in TTD cells. This suggests that TTD cells, which have higher repair capability than XP/ CS, are able to induce a fast protein turnover, resulting in more efficient cell recovery after the UVC exposure.
Materials and methods
Cell lines and culture conditions
Two cell lines employed were derived from XPCS2BASV, an XP complementation group B SV40-transformed human fibroblast cell line, as previously described (Riou et al., 1999) . The XPCS2BASV line was cotransfected with the pTTD6VI plasmid harbouring the XPB-A355C mutation and the pRSVneo plasmids, whose expression confers geneticin resistance. Both cell lines had integrated the XPB-A355C (TTD) allele in their genomes, although this gene was expressed only in clone 5, and clone 14 expressed only the XPB/CS allele (XPB-T296C) (Riou et al., 1999) . The XPCS2BASV line was also cotransfected with the pcDNA plasmid containing the XPB wild-type gene, resulting in full complementation of the mutated phenotype (wild-type cells). The SV40-transformed cell lines derived from XPB patient (XPCS2BASV) and primary human fibroblasts (XP22VI, TTD1VI, XPDCS2, 198VI) were cultivated in Dulbecco's modified Eagle's medium (DMEM) and F10 (1/1) supplemented with 10% fetal calf serum (FCS), 100 IU/ml penicillin, 100 mg/ml streptomycin and 2.5 mg/ml amphotericin B. SV40-transformed cell lines from TTD patient (TTD6VISV) were cultivated in MEM mixture with FCS and antibiotics.
UVC irradiation
UVC irradiation was performed on 80-90% confluent cultures. Cells were rinsed with prewarmed PBS at 371C and directly irradiated with UVC. The doses of UVC applied were 0, 0.2 and 3 J/m 2 from a germicidal lamp with dose rate of 0.2 J/m 2 .s. After irradiation, the previous medium was returned back and the cells were cultivated for further 4 or 8 h.
RNA extraction, microarray hybridization and analysis
Total RNA was prepared using an RNA isolation kit (RNeasy, Qiagen-France) according to the manufacturer's instructions with two rounds of 30 min of DNase treatment. RNA from each cell line was used to generate first-strand cDNA by using a T-7-linked oligo(dT) primer. Details are provided at White-head/MIT Genome Center Molecular Pattern Recognition web site (www.genome.wi.mit.edu/ MPR). After second-strand synthesis, in vitro transcription was performed with biotinylated UTP and CTP (Enzo), resulting in linear amplification of RNA. Biotinylated cRNA was fragmented from 50-to 150-nt size before overnight hybridization to Affymetrix HG-U95Av2 oligonucleotide arrays at 451C for 16 h (Affymetrix, Santa Clara, CA, USA). Arrays were washed and stained with streptavidin-phycoerytherin (SAPE, Molecular Probes). The signal was amplified using a biotinylated anti-streptavidin antibody, followed by a second staining with SAPE (normal goat IgG was used as blocking agent). The scans were carried out on genearray s scanner (Affymetrix, Santa Clara, CA, USA) and output files were analysed by the probe level analysis package, MAS 5.0 (Affymetrix, Santa Clara, CA, USA). A gene-to-gene normalization was applied in the analysis when calculating ratios between expression values before and after damage and between different cell lines. The average of two replicate data points per experimental condition was used in the subsequent analysis. The transcripts were clustered using EPCLUST program (http://ep.ebi.ac.uk/EP/EPCLUST).
Semiquantitative RT-PCR
Total RNA (100 ng) was isolated from XP/CS and TTD cells, before and after the UVC exposure. The conversion of RNA to cDNA was performed through reaction with reverse transcriptase (Invitrogen, USA) during 30 min, at 451C. The product of this reaction was used as a template for the PCR reaction, whose complete cycle was constituted by 30 s of denaturing at 941C, 30 s of annealing in the required temperature and the elongation of the new fragment was performed during 1 min, at 721C. The number of cycle canonical repetition varied for each sample.
